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The recent developments of electron quantum optics in
quantum Hall edge channels have given us new ways to
probe the behavior of electrons in quantum conductors. It
has brought new quantities called electronic coherences
under the spotlight. In this paper, we explore the relations
between electron quantum optics and signal processing
through a global review of the various methods for ac-
cessing single- and two-electron coherences in electron
quantum optics. We interpret electron quantum optics in-
terference experiments as analog signal processing, con-
verting quantum signals into experimentally observable
quantities such as current averages and correlations.
This point of view also gives us a procedure to obtain
quantum information quantities from electron quantum
optics coherences. We illustrate these ideas by discussing
two-mode entanglement in electron quantum optics. We
also sketch how signal processing ideas may open new
perspectives for representing electronic coherences in
quantum conductors and understand the properties of the
underlying many-body electronic state.
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1 Introduction Electron quantum optics is a new per-
spective on electronic quantum transport that aims at un-
derstanding the behavior of electrons in ballistic quantum
conductors using paradigms and methods of quantum op-
tics [1]. This field has emerged from the development of
quantum coherent nanoelectronics during the 90s [2,3,4],
the demonstration of electronic interferometers [5,6,7] in
quantum Hall edge channels and finally the realization of
on-demand single-electron sources [8,9].
Importantly, the introduction of single-electron sources
has catalyzed a shift from questions about the statistics
of charge flowing across a quantum conductor [10,4] to
questions about the wavefunctions of elementary excita-
tions carrying the charge. This naturally led to the trans-
position of photon quantum optics concepts introduced in
the 60s by Glauber to coherent quantum nanoelectronics,
thus giving birth to the central concepts of electronic co-
herences [11,12,13,14].
Historically, the scattering theory approach to quan-
tum transport [15,16,17,18,19] had already emphasized
the importance of optics concepts in electronic transport.
However, electron quantum optics differs from photon
quantum optics because of the Fermi statistics of electrons
which changes the nature of the reference “vacuum state”
when all sources are switched off. Understanding and ex-
tending quantum optics concepts in the presence of such
non-trivial vacua was also a motivation for developing
electron quantum optics. Even more importantly, elec-
trons are charged particles interacting through Coulomb
interactions. As stressed out by M. Bu¨ttiker and his col-
laborators [20,21,22,4], this plays a crucial role in high
frequency quantum transport by enforcing charge conser-
vation and gauge invariance [21,4]. Coulomb interactions
also raise the basic question of the fate of electronic quasi-
particles in a metal, which was the starting point for the
Landau-Fermi liquid theory [23].
Electron quantum optics thus offers unprecedented
possibilities to study these basic condensed matter physics
questions down to the single-electron level. These possi-
bilities are illustrated by recent two-particle interferometry
experiments in quantum Hall edge channels which are
reviewed in the present volume [24].
Electron quantum optics also establishes a bridge be-
tween quantum coherent nanoelectronics and microwave
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2 B. Roussel et al.: Electron quantum optics as quantum signal processing
quantum optics, which now plays an important role in su-
perconducting nanocircuits used for quantum information
processing and manipulation [25,26,27]. Microwave quan-
tum optics is also crucial for understanding the electromag-
netic radiation emitted by a quantum conductor, an impor-
tant problem rising a growing interest [28,29,30,31,32,33,
34].
The purpose of this paper is to reconsider electron
quantum optics from a more global perspective by in-
terpreting it in the language of signal processing. In its
broadest acceptance, signal processing is an enabling tech-
nology that aims at processing, transferring and retrieving
information carried in various physical formats called
“signals” [35]. Signal processing involves a huge arse-
nal of techniques to detect, filter, represent, transmit, and
finally extract information or recognize patterns within
signals. However, the most famous and historically im-
portant examples of signals, such as acoustic or electronic
signals, are classical. Here, we would like to emphasize
that all electron optics experiments realized so far [36,
37,38,39] as well as proposals for accessing two-electron
coherence [14] can be interpreted in the signal processing
language as experiments on signals which are no longer
classical: namely electron quantum optics coherences.
Electronic interferometers realize analog signal processing
operations such as “linear filtering” or “overlaps” on these
quantum signals and encode the result into experimentally
accessible quantities such as average current and current
correlations.
By emphasizing this point of view, we provide a uni-
fied view of the recent developments of electron quantum
optics and, as we will show by discussing two-particle in-
terferometry, we gain some inspiration towards envisioning
new experimental measurement schemes for electronic co-
herences. Although this has not really been fully exploited
yet, it could also suggest new ways of obtaining data by
using suitable sources and data processing for optimizing
electronic coherence reconstruction [40]. It may also rise
interest in the signal processing community towards elec-
tron quantum optics and lead to new innovative experimen-
tal and theoretical ideas.
In order to develop this point of view, this paper is or-
ganized as follows: after briefly recalling the experimen-
tal and theoretical context of electron quantum optics in
section 2, section 3 reviews the notion of single-electron
coherence and the various ways to access this quantity.
We will discuss the signal processing operations performed
in various single- and two-particle interferometers used to
probe single-electron coherence. Our discussion is com-
plementary to that of the review [24] which discusses two-
particle interferometry experiments in quantum Hall edge
channels and the underlying theory. Here, the same con-
cepts are reviewed with a strong emphasis on the quantum
signal processing point of view.
We then turn to two-electron coherence in section 4,
and present its definition and its main properties. We in-
troduce its various representations and discuss its non-
classical features. We then present its relation to quantum
noise of the electrical current, showing the electron quan-
tum optics version of Einstein’s relation between particle
number fluctuations and wavefunctions. We show that a
whole class of experiments can be interpreted as linear
filtering converting the intrinsic second order coherence
emitted by a source into current correlations.
In the last section, we will connect electronic coher-
ences to quantum information theoretical quantities. For
this purpose, we will explain how to derive effective qubit
density matrices from a set of orthogonal single-particle
states. In particular, we will illustrate this by discussing
electron/hole entanglement in the many-body state gener-
ated by a mesoscopic capacitor. We will finally sketch how
ideas from signal processing lead to a suitable definition of
these density matrices for periodically driven systems.
2 The context of electron quantum optics Let us
briefly review the main steps that have lead to the develop-
ment of electron quantum optics.
2.1 Experiments On the experimental side, the in-
teger quantum Hall effect in high mobility 2-dimensional
electron gas (2DEG) in AsGa/AsGaAl heterostructures
provides the analogous of optical fibers through chiral
propagation of charge carriers within the so-called edge
channels. Progresses in nanofabrication not only enabled
the fabrication of the quantum point contact (QPC), which
plays the role of an ideal electronic beam splitter [41,42,
43], but have also enabled its embedding into complicated
geometries such as the electronic Mach-Zehnder interfer-
ometer (MZI) [5,44,45] and the Samuelsson-Bu¨ttiker in-
terferometer [46,7]. These pioneering experiments showed
that, at low temperatures, electronic coherence can be
maintained over distances comparable to the size of these
circuits (from few to 20 µm) [47]. They have also opened
the way to the demonstration and study of more complex
electronic circuits in which elements such as QPC, quan-
tum dots and single-electron sources could be placed like
optical components on an optical table. As mentioned in
the Introduction, the demonstration of the mesoscopic
capacitor as an on-demand single-electron source [8]
marked the beginning of electron quantum optics. Now,
other single-electron sources have been demonstrated in
AsGa/AsGaAl, from turnstiles [48,49], mainly motivated
by metrology, to the Leviton source [9] which is reviewed
in this volume with great details [50].
Around the same time, progresses in microwave tech-
nology and measurement techniques have lead to the ex-
ploration of high-frequency transport [51,52], thereby
confirming the predictions by Bu¨ttiker and his collabo-
rators [53,21]. From a broader perspective, these devel-
opments have opened the way to in-depth experimental
investigations of high-frequency quantum coherent nano-
electronics.
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2.2 Theory The electron quantum optics formalism
was then developped taking advantage of the chirality of
electronic transport in quantum Hall systems: in such sys-
tems, the optical analogy is exploited at its best by decom-
posing the quantum conductor, or more generally the elec-
tronic circuit, into simple building blocks such as quan-
tum point contacts or energy filters so that an incoming
electronic flow is transformed into an outgoing one. Then,
within the measurement stage, the average current or the
current noise is measured either at zero or at a given high
frequency. The resulting formalism bears a close similar-
ity with the input-output formalism of photon quantum op-
tics [54]. In particular, it assumes that electronic coher-
ences are probed within a region where interactions can be
neglected. In such a region, electrons propagate freely at
a Fermi velocity which will be denoted by vF throughout
the present paper. When electronic coherences are probed
at a given position, often corresponding to the position of
a detector, they depend on time variables.
Such a description contains an assumption on the
screening of Coulomb interactions. For example, we as-
sume that screening at a quantum point contact is good
enough to neglect any capacitive coupling between the in-
coming and outgoing edge channels. As of today, there has
been no experimental evidence contradicting this assump-
tion. Within this framework, interaction effects have been
studied extensively, starting with MZI. We will very brielfy
discuss some of these works in section 3.2 mentioning that
interaction effects can lead to a breaking of the paradigm
of quantum conductors as linear electron quantum optics
components. We also refer the reader interested by inter-
action induced decoherence effects in Hong Ou Mandel
(HOM) experiments to [24] as well as [39].
2.3 New systems The rapid development of electron
quantum optics has also catalyzed a stream of works whose
purpose is to extend its application range to new physical
systems.
A first line of research deals with extending electron
quantum optics to situations in which interactions poten-
tially lead to a drastic change of the ground state such as in
superconductivity. This has led to study of electron quan-
tum optics with Bogoliubov quasi-particles which is re-
viewed in this volume [55]. Another question is the gener-
alization of electron quantum optics to fractional quantum
Hall (FQH) edge channels. Proposals have been made for
single quasi-particle and single electron emitted in these
systems [56] and the HOM experiment with Lorentzian
pulses has been considered [57]. However, a full general-
ization of electron quantum optics in the FQH regime is
still missing, the main problem being the absence of any
ideal quasi-particle beam splitter. Nevertheless, perturba-
tive approaches may prove to be useful for experiments
whenever the crossover energy scale associated with a con-
striction [58] is well below the experimentally relevant en-
ergy scales.
Another line of research focuses on manipulating the
spin degree of freedom at the single-electron level. Quan-
tum spintronics has risen a strong interest in the meso-
scopic physics community because of the importance of
coherent spin transport and manipulation for quantum in-
formation processing. Although the ν = 2 edge channel
system had already been envisioned for quantum spintron-
ics [59], 2D topological insulators (TI), such as quantum
spin Hall systems [60], are now considered as a poten-
tially important class of systems for electron quantum op-
tics. In these materials, such as CdTe/HgTe and InAs/GaSb
quantum wells at zero magnetic field, edge channels are
topologically protected from backscattering. They come
as counterpropagating pairs with opposite spin polariza-
tion (spin-momentum locking). The mesoscopic capacitor
built from a 2D TI has been proposed as an on-demand
single Kramer pair source emitting two single-electron ex-
citations with opposite spins [61,62]. The HOM experi-
ment has been discussed with such sources [63]. A variant
of this source based on a driven antidot has also recently
been proposed [64] as well as a different system relying on
two quantum dots coupled to a 2D TI via tunneling barriers
[65]. Coulomb interactions are expected to play an impor-
tant role in these systems due to the spatial superposition
of two counter-propagating edge channels. Comparing to
the ν = 2 quantum Hall edge channel system, interactions
among counterpropagating edge systems are expected to
induce new effects ranging from resonance effects [66] to
fractionalization [67].
Although these developments go beyond the scope of
the present paper, it is important to keep in mind that the
basic concepts of electron quantum optics can be extended
to quantum spintronics in a relatively simple way.
3 Single-electron coherence Let us now review the
concept of single-electron coherence and discuss how it
can be accessed through single-particle interferometry and
two-particle interferometry. Our main message is that, un-
der certain circumstances, the first type of experiments cor-
respond to linear filtering in the signal processing language
whereas the HOM experiment performs an analog compu-
tation of the overlap of two single-electron coherences.
3.1 Definition and representations Single-electron
coherence [11] is defined by analogy with first-order coher-
ence in photon quantum optics [68]:
G(e)ρ (1|1′) = Tr(ψ(1) ρψ†(1′)) (1)
where ρ denotes the reduced density operator for the elec-
tronic fluid, ψ and ψ† denote the fermionic destruction
and creation field operators and 1 = (α, x, t) and 1′ =
(α′, x′, t′) denote edge channel indices and space time co-
ordinates. For spin polarized edge channels, α and α′ cor-
respond to spin indices: α = α′ then encodes spin popu-
lations whereas α = −α′ corresponds to spin coherences,
thus showing that the formalism of electron quantum optics
can be easily extended to account for the spin.
Copyright line will be provided by the publisher
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In the following, to simplify notations, channel/spin in-
dices will be dropped out when only one edge channel
is involved. single-electron coherence contains all the in-
formation on single-electron wavefunctions present in the
system. For example, let us consider the N electron state
|ΨN 〉 =
∏N
k=1 ψ
†[ϕk]|∅〉 where the creation operator for
an electron in the single-particle state ϕk is defined by:
ψ†[ϕk] = vF
∫
R
ϕk(t)ψ
†(t) dt . (2)
This state is obtained by filling mutually orthogonal single-
particle states (ϕk)k∈{1,...,N} on top of the electronic vac-
uum |∅〉. Then, a straightforward application of Wick’s the-
orem shows that, in the space domain at the initial time:
G(e)|ΨN 〉(x|y) =
N∑
k=1
ϕk(x)ϕk(y)
∗ . (3)
In a metallic conductor, at zero temperature and with
all electronic sources switched off, the reference state
is a Fermi sea vacuum of given chemical potential µ(x).
Therefore, contrary to the case of photon quantum op-
tics, the single-particle coherence does not vanish when
sources are switched off but reduces to the Fermi sea con-
tribution G(e)Fµ(x)(t|t′) = 〈Fµ(x)|ψ†(x, t′)ψ(x, t)|Fµ(x)〉.
On the contrary, the inter-channel single-electron coher-
ence vanishes when all electronic sources are switched off:
G(e)F (α, t|α′, t′) = 0 for α 6= α′.
In electron quantum optics, G(e)ρ is considered at a
given position x within the electronic circuit, thus lead-
ing to a two-time function G(e)ρ,x(t|t′) = G(e)ρ (x, t|x, t′).
When the sources are switched on, the single-electron co-
herence is different from the Fermi sea contribution and
the excess single-electron coherence is defined by subtract-
ing the Fermi sea contribution: ∆G(e)ρ,x(t|t′) = G(e)ρ,x(t|t′)−
G(e)Fµ(x)(t|t′).
The most convenient representation for single-electron
coherence is a mixed time-frequency representation called
the electronic Wigner distribution function, which captures
both temporal evolution and the nature of excitations [40]:
W (e)ρ,x(t, ω) =
∫ +∞
−∞
vF G(e)ρ,x
(
t+
τ
2
∣∣∣t− τ
2
)
eiωτdτ (4)
where vF denotes the Fermi velocity at position x. The
electronic Wigner distribution function is real. Its marginal
distributions give access to the time-dependent average
electric current and to the electronic distribution function
fe(ω) at position x:
fe(ω) = W
(e)
ρ,x(t, ω)
t
(5a)
〈i(x, t)〉ρ = −e
∫ +∞
−∞
∆W (e)ρ,x(t, ω)
dω
2pi
(5b)
A classicality criterion for the electronic Wigner distribu-
tion function has been formulated [40]: 0 ≤ W (e)ρ,x(t, ω) ≤
1. When verified, it basically means that W (e)ρ,x(t, ω) can
be interpreted as a time-dependent electronic distribution
function. This is the case for a quasi-classically driven
Ohmic contact, when |eVac|  hf and kBT  hf , f be-
ing the driving frequency. In this case, both thermal fluc-
tuations and the ac drive are responsible for multiphoton
transitions in the electronic fluid and many electron/hole
pairs are generated. On the contrary, for a single-electron
excitation, quantum delocalization is responsible for neg-
ativities as seen on the example of the MZI [40]. Access-
ing single-electron coherence would thus enable to discuss
the non classicality of the electronic fluid at single-particle
level.
3.2 Single-particle interferometry as linear filter-
ing
Introduction In classical signal processing, linear fil-
ters transform time-dependent input signals into output sig-
nals under the constraint of linearity. Well known examples
include linear circuit elements in classical electronics and
linear optics elements such as lenses, beam splitters and
other various optical devices. These components act as lin-
ear filters on the electromagnetic field classical coherence
introduced in the 30s [69]. This statement also extends to
quantum optics by considering quantum optical coherences
introduced by Glauber [68].
In this section, we show that the same statement is true
in electron quantum optics provided we use quantum con-
ductors in which interaction effects can be neglected. As
an example, we will see how the ideal Mach-Zenhder in-
terferometer [70] or the measurement of the electronic dis-
tribution function using a quantum dot as an energy fil-
ter [71] realize linear filtering of the excess single-electron
coherence ∆G(e)ρ,x(t|t′), which should therefore be seen as
a “quantum signal” depending on two times.
We will then discuss how Coulomb interactions partly
– but not totally – invalidate this statement. In particular,
we will explain why measuring finite-frequency currents
enables to keep track of interaction effects and to recover
information on single-electron coherence.
Mach-Zehnder interferometry An ideal electronic
Mach-Zehnder interferometer, such as the one depicted on
Fig. 1, is characterized by the time of flights τ1,2 along
its two arms and the magnetic flux threading it ΦB =
φB × (h/e). When an electronic source S is placed on
the incoming edge channel 1, the time-dependent outgo-
ing electric current in channel 1 is directly proportional to
the excess electronic coherence of the source [70,40]:
〈i1out(t)〉 =
∑
j=1,2
Mj,j〈iS(t− τj)〉 (6a)
− 2e|M1,2|
∫
R
cos (ωτ12 + φ)∆W
(e)
S (t− τ¯ , ω)
dω
2pi
(6b)
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A B
1in 1out1MZI
τ1
2in 2out2MZI
τ2
ΦB
Figure 1 Schematic view of the Mach-Zehnder interfer-
ometer: the incoming channels are partitionned at the elec-
tronic beam splitter A and then recombined by the beam
splitter B. Here τ1 and τ2 denote the times of flight across
the two branches of the MZI and ΦB the magnetic flux en-
closed by the interferometer.
whereMi,j denotes the productAiA∗j ,Aj being the trans-
mission amplitude of the beam splitters along path j of
the interferometer. We have introduced τ12 = τ1 − τ2,
τ¯ = (τ1 + τ2)/2 and φ = arg(M1,2 + 2piφB) which is
the phase associated with both beam splitters and the mag-
netic flux. The first line (Eq. (6a)) does not depend on the
magnetic flux and therefore corresponds to classical prop-
agation within each of the two arms of the MZI, whereas
the second line (Eq. (6b)) corresponds to quantum inter-
ferences between propagations within both arms. Because
the average electric current is also proportional to the ex-
cess single-electron coherence of the source, the outgoing
average current is obtained from the excess incoming co-
herence ∆G(e)S in channel 1in by a linear filter which we
write symbolically 〈iout,dc〉 = LMZI[∆G(e)S ]. Measurements
of the ΦB dependent part of the average dc current for vari-
ous τ1−τ2 could then be used to reconstruct single-electron
coherence [70].
The key ingredient in this derivation is the absence of
electronic interactions. Whenever one replaces the Mach-
Zehnder interferometer by an ideal ballistic quantum con-
ductor in which interactions are neglected, the outgoing
current in the measurement lead would also be proportional
to ∆G(e)S . Denoting by S(tf , ti) the scattering amplitude
for an electron arriving into the conductor at time ti and
going out towards the measurement lead at time tf , then
the outgoing average time-dependent current is given by
〈iout(t)〉 =
∫
R2
S(t, t+)S∗(t, t−)∆G(e)S (t+, t−) dt+dt−
(7)
which describes a linear filtering of the incoming single-
electron coherence ∆G(e)S associated with time-dependent
scattering. In particular, this expression is valid within the
framework of Floquet scattering theory [72].
On the role of interactions However, as we shall
now discuss, because of Coulomb interactions, the situa-
tion in electron quantum optics is subtler than in photon
quantum optics. It is therefore important to clarify in which
Interaction region
environment (in)
|0〉
edge channel (in)⊗
ω |Λω〉
environment (out)⊗
ω |r(ω)Λω〉
edge channel (out)⊗
ω |t(ω)Λω〉
Figure 2 Input/output treatment of a finite-length interac-
tion region (light grey box) in the edge-magnetoplasmon
scattering framework: an edge channel (in red) is ca-
pacitively coupled to another conductor in the linear
response regime, described by an environmental chan-
nel (in blue). At zero temperature, the incoming en-
vironmental modes are in their vacuum state. When a
coherent edge-magnetoplasmon state |Λ〉 = ⊗ω |Λω〉
is sent in the incoming channel, the outgoing state is
⊗ω (|t(ω)Λω〉 ⊗ |r(ω)Λω〉) where t(ω) denotes the edge-
magnetoplasmon transmission amplitudes across the inter-
action region and r(ω) the amplitude to be scattered into
enviromental modes.
situations the linear filtering paradigm is valid and when it
is not valid.
To begin with, let us consider a simple situation in
which the source is placed at the input of a finite-length
interaction region, as depicted on Fig. 2. For simplicity, we
assume that this interaction region can be described within
the edge-magnetoplasmon scattering formalism [73,74]:
the incoming edge-magnetoplasmon mode at a given fre-
quency is scattered elastically between the corresponding
outgoing mode and environmental modes associated with
other electrical degrees of freedom present in the problem.
The environment can involve edge channels or any neigh-
boring linear circuit modeled as a transmission line with
a frequency-dependent impedance [75]. Such a modeliza-
tion is valid as long as all the components of the system
are in the linear response regime. This formalism was used
to compute the effect of Coulomb interactions on coher-
ent current pulses [76] and single-electron excitations [74,
77]. Equivalently, because they induce inelastic processes,
Coulomb interactions turn a quantum conductor into a non-
linear component from the electron quantum optics point
of view. Consequently, in general, the excess outgoing sin-
gle electron coherence is not a linear filtering of the incom-
ing one!
A criterion for the validity of the electronic scatter-
ing theory approach to quantum transport at finite fre-
quencies is that the frequency dependence of the elec-
tronic scattering matrix of a quantum conductor can be ne-
glected [4]. Single- to few-electron excitations emitted by
Copyright line will be provided by the publisher
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electron quantum optics sources such as the mesoscopic
capacitor [8] or the Leviton source [9] as well as periodic
electric currents generated using an advanced waveform
generator usually define a frequency scale in the range of
one to few tens of GHz. On the other hand, an extended
conductor such as a MZI has a scattering matrix varying
over frequency scales of the order of the inverse of the time
of flight of the conductor. For a 10 µm interferometer, it is
of the order of 10 GHz. This is why extended quantum con-
ductors such as MZIs fail to satisfy this criterion. The im-
portant stream of theoretical work on interaction-induced
decoherence [78,79,80,81,82] in MZI interferometers il-
lustrate the full complexity of understanding interaction ef-
fects in such extended quantum conductors. More recent
works [83,84] dealing with the propagation of individual-
ized energy-resolved single-electron excitations in a MZI
are directly relevant for electron quantum optics but also
show that this problem is not yet fully understood even at
the single-electron level.
By contrast, Coulomb interaction effects can be ne-
glected over a much broader frequency range in the QPC
which is an almost point-like electronic beam-splitter. As
we shall see in the next section, this plays a very important
role for the HOM and HBT experiments.
Last but not least, the average finite-frequency currents
are relatively robust to the effect of Coulomb interactions:
whenever all electrical components respond linearily to the
incoming excitation, the edge-magnetoplasmon scattering
matrix can be used to reconstruct the incoming average fi-
nite frequency currents from the outgoing ones. Measure-
ments of finite-frequency average currents have been suc-
cessfully developped in the 1-11 GHz range to perform the
first direct measurement of edge-magnetoplasmon scatter-
ing amplitudes [85].
3.3 Two-particle interferometry as overlap
Motivation Although amplitude interferometry relies
on the measurement of average currents, it does not seem
well suited to perform single-electron tomography. First of
all, as in optics, it would require a perfect control on elec-
tronic optical paths down to the Fermi wavelength. More
importantly, as discussed in the previous section, Coulomb
interactions prevent reconstructing the incoming single-
electron coherence from the experimental signals.
This situation is very similar to what happened in as-
tronomy in the 30s and 40s: attempts at directly measuring
the diameter of normal stars using amplitude interferom-
etry were plagued by atmospheric turbulences and by the
technological challenge of building a large optical interfer-
ometer. However, a way to circumvent this bottleneck was
found by Hanbury Brown and Twiss (HBT) in the 50s [86]:
their idea was to measure intensity correlations [87] since
these contain interferences between waves emitted by pairs
of atoms on the star. In quantum optics, the HBT effect
ultimately relies on two-photon interferences [88]. In the
80s, the Hong Ou Mandel (HOM) experiment [89] also
demonstrated two-particle interferences for identical par-
ticles (photons). Since then, two-particle interference ef-
fects have been observed in many different contexts, from
stellar interferometry to nuclear and particle physics [90]
and more recently with bosonic as well as fermionic cold
atoms [91]. Recent experiments demonstrate a higher de-
gree of control by using independent single-photon [92]
and single atom sources [93].
In this section, we review how the HOM experiment
can be used to measure the overlap of the excess single-
particle coherences arriving at a beam splitter. Remark-
ably, this result is true not only for electrons but for any
fermionic or bosonic excitation. In photon quantum optics,
it forms the basis of homodyne tomography [94,95] re-
cently used to characterize few-photon states in the optical
domain [96]. In the microwave domain, the HOM scheme
has been used to access photon quantum optical correla-
tions from electrical measurements [27,26] and forms the
basis of a tomography scheme for itinerant microwave pho-
tons [97,25].
Theoretical analysis In electron quantum optics, the
HBT and HOM experiments are demonstrated by sending
electronic excitations generated by one or two electronic
sources on an ideal electronic beam splitter, as depicted on
Fig. 3.
In order to make a precise analogy with photon quan-
tum optics, keeping in mind that in electron quantum op-
tics, the vacuum is the reference Fermi sea and not a true
vacuum, we consider that the electronic analogue of the
table-top HBT experiment (Fig. 3a) [87] is realized when
one of the incoming channels is fed with the reference
Fermi sea (S1 or S2 being off). By the same analogy, the
electronic HOM experiment (Fig. 3b) corresponds to situ-
ations with both electronic sources in the incoming chan-
nels switched on. Finally, whereas in photon quantum op-
tics, the arrival of individual photons can be recorded, in
electronics, the quantities of interest are the current corre-
lations at zero frequency in the two outgoing branches.
Let us focus on the outgoing current noise in chan-
nel 1. A first important point is that the low-frequency cur-
rent noise does not depend on the distance to the QPC: in-
teraction effects lead to edge-magnetoplasmon scattering
among the various outgoing edge channels close to the one
considered but the total power remains the same. This is
why HBT/HOM interferometry is immune to interaction
effects in the measurement stage (beyond the QPC). In the
same way, the intensity correlations measured in an optical
stellar HBT interferometer are not blurred by atmospheric
turbulences.
Consequently, what we need is the excess low fre-
quency current noise just after the QPC when both sources
S1 and S2 are switched on. It is the sum of three contribu-
tions [40]:
∆S
(S1&S2)
11 = ∆S
(S1)
11 +∆S
(S2)
11 +∆S
(HOM)
11 (8)
where ∆S(S1)11 and ∆S
(S2)
11 are the excess current noise
when only the source S1 (resp. S2) is switched on. These
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Figure 3 Principle of the HBT and HOM experiments:
in the optical HBT experiment (a), excitations emitted by
a single source S are partitioned at the beamsplitter BS
whereas in the HOM experiment (b), excitations emitted
by two sources S1 and S2 are sent onto BS. In optics,
one performs a time-resolved detection of photons. In the
electronic case, the beamsplitter is a QPC, and one mea-
sures current correlations between 1out and 2out or cur-
rent noise in the 1out channel. In the case of the HBT ex-
periment, vacuum is replaced by the reference Fermi sea.
contributions correspond to the excess noise in HBT exper-
iments performed on each of the sources. The last term
∆S
(HOM)
11 =
− 2e2RT
∫
R2
∆W
(e)
1in (t, ω)∆W
(e)
2in (t, ω)
dtdω
2pi
(9)
is the overlap of the excess single-electron coherences ar-
riving at the QPC [40] (R and T denoting the reflection and
transmission probabilities of the QPC). Eq. (9) encodes the
effect of two-particle interferences between the excitations
emitted by these sources. Note that the time delay of the
two sources can be controlled and therefore a single exper-
imental run gives access to the time-shifted overlaps of the
excess electronic Wigner functions of the two sources. Fi-
nally, the minus sign comes from the fermionic statistics of
electrons.
The two first terms also involve two-particle quantum
interferences. Because they contain information on coher-
ences of each of the sources, they will be discussed in
section 4. Our point here is to emphasize that the elec-
tronic HOM experiment automatically encodes into the ex-
perimental signal what the signal processing community
would call the sliding inner product of the quantum signals
formed by the incoming excess single-electron coherences
in channels 1 and 2. This is why the HOM experiment is so
important: it can be used to test for unknown excess elec-
tronic Wigner functions by looking at their overlaps with
themselves or with the ones generated by controlled and
calibrated sources. This idea has been expanded to describe
a generic tomography protocol for reconstructing an un-
known excess single-electron coherence from its overlaps
with coherences generated by suitable ac + dc drives [98].
We refer the reader to [24] in the same volume for a de-
tailed description of this protocol.
Experimental demonstration The electronic HBT
experiment has been demonstrated in the late 90s using
dc sources [3,2] and more recently using single-electron
sources [99] which were then used to perform the elec-
tronic HOM experiment [36]. These experiments have
paved the way to measurements and studies of electron de-
coherence down to the single-electron level through HOM
interferometry.
The idea of the tomography protocol has been re-
cently demonstrated by D.C. Glattli’s group [37]: in this
experiment, a stream of Lorentzian pulses is sent onto a
beam splitter whose other incoming channel is fed with
a small ac drive on top of a dc bias. Measurement of
the low-frequency noise then enables reconstructing the
photo-assisted transition amplitudes which, in this case,
contain all the information on single-electron and higher-
order electronic coherences [9]. This experiment being
performed in a 2DEG at zero magnetic field, interaction
effects can be neglected and the experiment leads to the re-
construction of the Leviton single-electron coherence [37].
As reviewed in this volume [24], the HOM exper-
iment has also recently been used to probe interaction
effects within quantum Hall edge channels. In these ex-
periments, performed at filling factor ν = 2, two single-
electron sources are located at some distance of the QPC
and interaction effects are strong enough to lead to quasi-
particle destruction, as suggested by energy relaxation
experiments [100]. First, the HOM effect was used to
probe how interactions lead to fractionalization of classi-
cal current pulses [38] in qualitative agreement with the
neutral/charge edge-magnetoplasmon mode model [80]
which had been already probed through energy relaxation
experiments [101] and high-frequency admittance mea-
surements [85]. But the real strength of HOM experiment
comes from its ability to probe electronic coherence in a
time- and energy-resolved way. It was thus recently used to
study quantitatively the effect of Coulomb interactions on
energy-resolved single-electron excitations (called Landau
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excitations) [39]. The experimental data confirm theo-
retical predictions and validate the decoherence scenario
based on edge-magnetoplasmon scattering [102,77].
4 Two-electron coherence Let us now turn to two-
electron coherence. After briefly reviewing its definition
and properties, introducing the two-electron Wigner dis-
tribution function will enable us to emphasize its non-
classical features arising from Fermi statistics. We will
then turn to two-particle interferometry and show that, un-
der appropriate hypotheses, these experiments perform a
linear filtering on the intrinsic two-electron coherence, thus
generalizing what was discussed in section 3.2.
4.1 Definition and representations
Definition Two-electron coherence is defined by di-
rect analogy with Glauber’s second-order photonic coher-
ence [13]:
G(2e)ρ (1, 2|1′2′) = Tr(ψ(2)ψ(1)ρψ†(1′)ψ†(2′)) (10)
where 1 = (α1, x1, t1) and 2 = (α2, x2, t2), α1,2 being
channel indices, and similarly for 1′ and 2′. Its physical
meaning can be obtained by computing the two-electron
coherence for the state |ΨN 〉 defined in section 3.1. The
result is a sum over all the two-electron wavefunctions
ϕk,l(x, y) = ϕk(x)ϕl(y) − ϕk(y)ϕl(x) (k < l) that
can be extracted from the N single-particle wavefunctions
(ϕk)k∈{1,...,N} [14]:
G(2e)|ΨN 〉(x1, x2|x′1, x′2) =
∑
k<l
ϕk,l(x1, x2)ϕk,l(x
′
1, x
′
2) .
(11)
Two-electron coherence at a given position is a function of
four times (t1, t2; t′1, t
′
2).
Fermionic statistics and two-electron coherence
Although its definition and Eq. (11) may suggest that two-
electron coherence bears similarity with single-electron co-
herence discussed in the previous section, it already con-
tains all the counter-intuitive aspects of quantum indiscern-
ability. Electrons being fermions, the two-electron coher-
ence satisfies the following antisymmetry properties:
G(2e)ρ (1, 2|1′2′) = −G(2e)ρ (2, 1|1′, 2′) (12a)
= −G(2e)ρ (1, 2|2′, 1′) (12b)
Antisymmetry leads to the global symmetry of two-
electron coherence G(2e)ρ (1, 2|1′, 2′) = G(2e)ρ (2, 1|2′, 1′)
expressing that the order of detection of electrons does not
matter. It also implies that two-electron coherence van-
ishes whenever 1 = 2 or 1′ = 2′: this is the Pauli exclusion
principle. Together with the conjugation relation
G(2e)ρ (1, 2|1′, 2′)∗ = G(2e)ρ (1′, 2′|1, 2) , (13)
antisymmetry implies that two-electron coherence is de-
fined by its values for only 1/8-th of the possible argu-
ments.
The intrinsic two-electron coherence emitted by a
source can be defined from the second-order electronic
coherence by subtracting not only the Fermi sea contri-
bution but also all processes contributing to two-electron
detection and involving the excess single-electron coher-
ence of the source. These involve classical contributions as
well as quantum exchange contributions [14]:
G(2e)ρ (1, 2|1′, 2′) =
G(2e)F (1, 2|1′, 2′) (14a)
+G(e)F (1|1′)∆G(e)ρ (2|2′) + G(e)F (2|2′)∆G(e)ρ (1|1′) (14b)
−G(e)F (1|2′)∆G(e)ρ (2|1′)− G(e)F (2|1′)∆G(e)ρ (1|2′) (14c)
+∆G(2e)ρ (1, 2|1′, 2′) . (14d)
Eq. (14) should be seen as a definition of the intrinsic two-
electron coherence ∆G(2e)ρ from the total two-electron co-
herence, the Fermi sea two-electron coherence and lower-
order electronic coherences. The second term (14b) is
present for classical particles and represent classical corre-
lations in which the origin of the two detected particles can
be traced back either to the Fermi sea or the source. Such
back-tracking is not possible for the exchange terms (14c)
whose minus sign comes from the fermionic statistics.
Note that Eq. (14) is fully compatible with Eq. (11). More-
over, for a state obtained by adding a single-electron or
hole excitation to the Fermi sea, the intrinsic two-electron
coherence vanishes as expected for a source emitting only
one excitation.
The frequency domain representation of two-
electron coherence Exactly as in the case of single-
electron coherence, the nature of excitations can be ob-
tained by going to the frequency domain:
G˜(2e)ρ (ω+|ω−)
=
∫
R4
G(2e)ρ (t+|t−) ei(ω+·t+−ω−·t−) d2t+d2t−
(15)
where t+ = (t1, t2) and t− = (t′1, t
′
2) are respectively
conjugated to ω+ = (ω1, ω2) and ω− = (ω′1, ω
′
2). Note
that antisymmetry properties (12) are also true in the fre-
quency domain.
The diagonal of the frequency domain (ω− = ω+ =
(ω1, ω2)) can be divided into quadrants depicted on Fig. 4
that describe the elementary two-particle excitations.
When ω1 and ω2 are both positive, we have an electronic
pair whereas when they are both negative, we have a pair
of holes. In the case one is positive and the other negative,
we have an electron hole pair. Note that this classification
is compatible with the permutation ω1 ↔ ω2.
The full frequency domain (ω+,ω−) can then be de-
composed into 4D simplexes based on these quadrants for
the diagonal. This will naturally be compatible with the an-
tisymmetry properties of the two-electron coherence. Di-
Copyright line will be provided by the publisher
pss header will be provided by the publisher 9
ω1ω2
δω¯
ω¯
(2e)
(2h)
(e+h) (e+h)
Figure 4 Nature of two-particle excitations: partitioning
the diagonal plane (ω1, ω2) = (ω¯ + δω¯/2, ω¯ − δω¯/2) in
two sectors associated with pairs of electrons (2e) and pairs
of holes (2h) and two sectors associated with electron/hole
pairs (e+h).
agonal simplexes are based on ω+ and ω− that both de-
scribe the same type of excitation. This leads to a two-
electron simplex, a two-hole simplex and two electron/hole
pair simplexes respectively containing the contributions of
two-electron, two-hole and electron/hole pair excitations.
The off-diagonal simplexes where ω+ and ω− do not be-
long to the same quadrant describe coherences between
these four different two-particle excitations.
4.2 The Wigner representation of two-electron
coherence
Definition The Wigner representation of two-electron
coherence is defined in the same way as for single-electron
coherence, that is as a Fourier transform with respect to the
time differences τj = tj−t′j . When considering a diagonal
two-electron coherence in the channel indices (αj = α′j for
all j = 1, 2), this leads to a real function
W (2e)ρ,x (t1, ω1; t2, ω2) =∫
R2
v2FG(2e)ρ,x
(
t+
τ
2
∣∣∣t− τ
2
)
eiω·τ d2τ . (16)
The Wigner representation of the excess two-electron co-
herence∆W (2e)ρ,x (t1, ω1; t2, ω2) is defined by Eq. (16) from
the excess two-electron coherence. Whenever Wick’s the-
orem applies, the total two-electron coherence can be com-
puted in terms of the single-electron one:
G(2e)ρ,x (1, 2|1′, 2′) =
G(e)ρ,x(1|1′)G(e)ρ,x(2|2′)− G(e)ρ,x(1|2′)G(e)ρ,x(2|1′) . (17)
and, using Eqs. (14), the same equation also describes
the intrinsic two-electron coherence in terms of the ex-
cess single-electron coherence. The first term contributes
to the two-electron Wigner distribution through the prod-
uct W (e)ρ,x(t1, ω1)W
(e)
ρ,x(t2, ω2) which corresponds to inde-
pendent classical particles. The second term comes from
quantum exchange and, as we shall see now, is responsi-
ble for non-classical features of the two-electron Wigner
distribution function.
Non classicality of two-electron coherences In
the case of single-electron coherence, a definition of clas-
sicality was given [40] based on the idea of interpreting
W
(e)
ρ,x(t, ω) as a time-dependent electronic distribution
function compatible with the Pauli exclusion principle.
It is natural to extend this definition to the two-particle
case: W (2e)ρ,x (t1, ω1; t2, ω2) would be called classical if
it takes values between 0 and 1. Of course, if we con-
sider the inter-channel two-electron Wigner distribution
associated with the inter-channel two-electron coherence
G(2e)ρ,x (1, t1; 2, t2|1, t′1; 2, t′2), then when the two channels
are not correlated, we have W (2e)ρ,x (1, t1, ω1; 2, t2, ω2) =
W
(e)
1 (t1, ω1)W
(e)
2 (t2, ω2) as expected for uncorrelated
classical objects1. Consequently, if the two-electronic
Wigner distribution in channels 1 and 2 are classical, the
inter-channel two-electron Wigner distribution is also clas-
sical. But as we shall see now, because of its antisymmetry
properties, the two-electron Wigner distribution in a single
channel exhibits non classical features.
To illustrate this point, let us consider mutually or-
thogonal time-shifted wave-packets: ϕ1(t) = ϕe(t− τ/2)
and ϕ2(t) = ϕe(t + τ/2). The intrinsic two-electron
Wigner distribution function associated with the state
|Ψ2〉 = ψ†[ϕ1]ψ†[ϕ2]|F 〉 is then
∆W
(2e)
|Ψ2〉 (t1, ω1; t2, ω2) =
Wϕ1 (t1, ω1)Wϕ2 (t2, ω2)
+Wϕ2 (t1, ω1)Wϕ1 (t2, ω2)
−2 cos ((ω1 − ω2)τ)Wϕe(t1, ω1)Wϕe(t2, ω2) . (18)
When considering a quasi-classical electronic wavepacket,
such that Wϕe(t, ω) is almost everywhere positive, we see
that the last term contains interference fringes due to the
cos ((ω1 − ω2)τ) factor. When ϕ1 and ϕ2 are well sep-
arated, negativities appear which reflect the non-classical
nature of two-electron wavefunctions within a single edge
channel. Note that the dependence in ω1 − ω2 comes from
the fact that, in the above example, ϕ1 and ϕ2 are time-
shifted wavepackets. Energy-shifted wavepackets would
lead to oscillations in t1 − t2 analogous to Friedel oscilla-
tions in solid-state physics. In full generality, the quantum
exchange interference terms present both a time and an en-
ergy dependence and this prevents W (2e) to be interpreted
as a time-dependent two-electron distribution function.
Similarly, the two-electron Wigner distribution func-
tion of the equilibrium state at electronic temperature Te
1 Here the channel index breaks the indiscernability between
electrons within the two different channels.
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and vanishing chemical potential is given by
W
(2e)
µ=0,Te
(t1, ω1; t2, ω2) = fTe(ω1) fTe(ω2) (19a)
−4pikBTeδ(ω1 − ω2)fB,Te(ωtot)
sin (ωtott12)
sinh (t12/τ(Te))
(19b)
where ωtot = ω1 + ω2, t12 = t1 − t2 and τ(T ) = ~/kBT
denotes the thermal coherence time. Here fTe is the Fermi-
Dirac distribution at temperature Te and µ = 0 whereas
fB,T (ω) = 1/(e
~ω/kBT − 1) denotes the Bose-Einstein
distribution at temperature T . The singular second term
(19b) expresses the Pauli exclusion principle and presents
strong oscillations in t12. Therefore W
(2e)
µ=0,Te
cannot be in-
terpreted as a time-dependent electronic distribution.
4.3 Relation to current noise Let us now describe
the precise relation between two-electron coherence and
the excess current noise ∆Si(t, t′) defined as the excess of
Si(t, t
′) = 〈i(t′) i(t)〉 − 〈i(t)〉〈i(t′)〉 . (20)
Since sub-nanosecond time-resolved measurements are
not available in electronics, Si(t, t′) is not directly acces-
sible. However, finite-frequency current noise measure-
ments [103] give access to the noise spectrum which is
a time-averaged quantity. More recently, partial measure-
ments of the time-dependent current noise power spec-
trum have been performed. This quantity is defined as the
Wigner function associated with excess current correla-
tions:
W∆Si(t, ω) =
∫
R
∆Si
(
t− τ
2
∣∣∣t+ τ
2
)
eiωτ dτ . (21)
This is achieved through a recently developped homo-
dyne measurement technique [104] which has been used
to probe the squeezing of the radiation emitted by a tun-
nel junction. The canonical anticommutation relations and
definition (14) imply that the quantity defined by Eq. (21)
is directly related to the intrinsic two-electron coherence
by
W∆Si(t, ω) +W〈i〉(t, ω) =
− e〈i(t)〉 (22a)
− e2
∫
R
hµ(ω, ω
′)∆W (e)ρ (t, ω
′)
dω′
2pi
(22b)
+ e2
∫
R
v2F∆G(2e)ρ
(
t+
τ
2
, t− τ
2
∣∣∣t+ τ
2
, t− τ
2
)
eiωτdτ
(22c)
where hµ(ω, ω′) = fµ(ω−ω′)+fµ(ω+ω′) andW〈i〉(t, ω)
denotes the Wigner-Ville transform [105] of the average
time-dependent current. The first term (22a) is a Poissonian
contribution associated with the granular nature of charge
carriers. The second term (22b) arises from two-particle
interferences between excitations generated by the source
and electrons within the Fermi sea. These contributions are
called the HBT contributions since these two-particle inter-
ferences are precisely what is measured in an HBT exper-
iment. Finally, the last term (22c) corresponds to the in-
trinsic two-electron coherence contribution to the current
noise. This equation is indeed the electron quantum optics
version of the famous relation on fluctuations of particle
number in an ideal Bose gas [106] where the term (22c)
minus W〈i〉(t, ω) corresponds to Einstein’s quadratic term.
Finally, the non triviality of the Fermi sea vacuum is re-
sponsible for the term (22b).
This equation also relates electronic coherences to the
quantum optical properties of the edge magnetoplasmons
within the edge channel and therefore of the photons ra-
diated into a transmission line capacitively coupled to the
edge channel as in [74]. It therefore establishes a bridge
between electron quantum optics and the recently studied
quantum optics of noise [29].
Finally, let us stress that Eq. (22), which is also valid in
the presence of interactions, shows that accessing single-
electron coherence as well as the current noise gives ac-
cess to the diagonal part of two-electron coherence, as ex-
pected since the latter contains all the information on time
resolved two-electron detection.
Directly accessing the intrinsic two-electron coherence
without any HBT contribution can be achieved by parti-
tioning the electronic beam onto a beam splitter in an HBT
setup (see Fig. 3). These current correlations are directly
related to the inter-channel two-electron coherence right
after the beam splitter since fermionic fields within differ-
ent channels anticommute:
〈i1out(t1)i2out(t2)〉 =
e2v2F∆G(2e)out (1, t1; 2, t2|1, t′1; 2, t′2) (23)
Remarkably, this outgoing two-electron coherence is pro-
portional to the incoming two-electron coherence [14]:
∆G(2e)out (1, t1; 2, t2|1, t′1; 2, t′2) =
RT ∆G(2e)S (t1, t2|t′1, t′2) . (24)
Measuring outgoing inter-channel current correlations in
the HBT setup thus directly probes the intrinsic excess co-
herence of the source, as in photon quantum optics.
4.4 Two-particle interferometry as linear filter-
ing Although current correlations in the HBT geometry
only give access to the diagonal part of the intrinsic two-
electron coherence in the time domain, Eq. (23) naturally
leads to a general idea for accessing the off-diagonal part
∆G(2e)S (t1, t2|t′1, t′2) for (t1, t2) 6= (t′1, t′2). The idea is
to use linear filters of single-electron coherence as de-
picted on Fig. 5. Let us assume that the outgoing current
is obtained from a linear filtering of the incoming single-
electron coherence 〈iA〉 = LA
[
∆G(e)1in
]
with a similar
relation for detector B. Then, the outgoing current correla-
tions 〈iA iB〉 are obtained by applying a linear filter to the
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Figure 5 A generalized Franson interferometry experi-
ment: the electron flow emitted by the source S is parti-
tionned at the QPC and sent into two linear filtering com-
ponents A and B. Current correlations between outgoing
currents give access to second-order electronic coherence.
Franson interferometry corresponds to using two Mach-
Zehnder interferometers for A and B.
incoming two-electron coherence:
〈iA iB〉 = RT
(
L(1)A ⊗ L(2)B
) [
∆G(2e)S
]
(25)
in which (24) has been used to obtain (25).
Despite its compacity, Eq. (25) unifies many differ-
ent experiments under a simple physical interpretation: the
intrinsic two-electron coherence ∆G(2e)S describing two-
particle excitations emitted by the source, is encoded into
current correlations 〈iA iB〉 via an HBT interferometer and
two linear filters for single-electron coherence.
In the absence of these filters, the measurement of cur-
rent correlation gives information on the diagonal part of
∆G(2e)S as seen in section 4.3. When A and B are elec-
tronic energy filters, and assuming that no electronic relax-
ation process takes place between the QPC and the filters
(see the discussion in section 3.2), we access the diagonal
part of ∆G(2e)S in the frequency domain.
It also naturally leads to the idea of the Franson inter-
ferometer [107] originally invented to test photon entan-
glement [108,109] and later considered for testing two-
particle Aharonov-Bohm effect and electronic entangle-
ment generation [110]. It is a natural way to probe the off-
diagonal part of ∆G(2e)S in the time domain since, as ex-
plained in section 3.2, a MZI converts single-electron co-
herences in the time domain into electrical currents.
5 From electron quantum optics to quantum in-
formation In this last section, we explain how to relate
electron quantum optics quantities to quantum information
ones using, once again, signal processing ideas. This en-
ables discussing quantum information quantities in elec-
tron quantum optics systems. We illustrate these ideas and
procedures by sketching how to get an insight on the many-
body state generated by the mesoscopic capacitor.
5.1 Density matrices from electronic coherences
Because electrons are fermions, each single-particle state
can be viewed as a two-level system, thus raising the ques-
tion of their use as effective qubits to encode quantum in-
formation. Given a normalized wavefunction ϕa, its av-
erage occupation number is obtained from single-electron
coherence by
n¯[ϕa] = v
2
F
∫
R2
ϕa(t+)
∗ϕa(t−)G(e)ρ,x(t+|t−) dt+ dt−
(26)
where ϕa(t) denotes the electronic wavefunction for x =
−vF t. The quantity n¯[ϕa] being the average value of the
number operatorN [ϕa] = ψ†[ϕa]ψ[ϕa], it is between zero
and unity. Denoting by |0a〉 and |1a〉 the states respectively
corresponding to the absence or the presence of an elec-
tron in the single particle state ϕa, n¯a and 1 − n¯a can be
used as diagonal elements of a 2 × 2 matrix. However, in
the absence of superconductors, charge conservation leads
to a superselection rule forbidding quantum superpositions
of states of different charges: its off-diagonal elements,
which are equal to 〈ψ†[ϕa]〉ρ and its complex conjugate,
vanish. Nevertheless, this idea becomes more interesting
when considering more than one single-particle state be-
cause the various superselection sectors are no longer one
dimensional.
A first possibility to obtain an effective qubit is to con-
sider two orthogonal single-particle states ϕa and ϕb and
the charge one sector. The basis vector |0〉 (resp. |1〉) then
corresponds to the state where the electron is totally local-
ized in the electronic state ϕa (resp. ϕb). The reduced den-
sity matrix for this railroad electronic qubit [111] is then
defined from single and two electron coherences by:
〈0|ρqb|0〉 = 〈ψ†[ϕa]ψ[ϕa]ψ[ϕb]ψ†[ϕb]〉ρ (27a)
〈1|ρqb|1〉 = 〈ψ†[ϕb]ψ[ϕb]ψ[ϕa]ψ†[ϕa]〉ρ (27b)
〈0|ρqb|1〉 = 〈ψ†[ϕa]ψ[ϕb]〉ρ (27c)
This framework can be extended to situations involving
more single-particle states. For example, one could con-
sider two pairs of single-electron states ϕa1, ϕa2 and ϕb1
ϕb2 as in the four leads device considered by Samuels-
son and Bu¨ttiker [112]. The two-particle sector would then
contain an effective 2-qubit reduced density matrix whose
matrix elements can be expressed in terms of electronic co-
herences.
Deriving an effective two-qubit reduced density opera-
tor from electron coherences directly enables us to use the
results from quantum information on the characterization
of entanglement in a bipartite system.
Entanglement is well defined and easily characterized
for bipartite systems in a pure state using for example the
von Neumann entropy of the reduced density matrix of one
of the two subsystems [113]. In cases where the whole sys-
tem is not in a pure state, its total density matrix is said to
represent an entangled state if and only if it is not factor-
ized, that is, if and only if it cannot be written as a statistical
mixture of tensor products of density operators relative to
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each subsystem. In the case of a two qubit system, a single
quantity called the concurrence can be used to characterize
entanglement. Denoting by ρ2qb the total density matrix for
the two qubits, the concurrence is defined by [114]:
C[ρ2qb] = max (0, λ1 − λ2 − λ3 − λ4) (28)
where λ1 ≥ λ2 ≥ λ3 ≥ λ4 are the eigenvalues of the
hermitian matrix R =
√√
ρ2qb · ρ˜2qb · √ρ2qb, and
ρ˜2qb = (σ
y ⊗ σy) ρ∗2qb (σy ⊗ σy) . (29)
The concurrence vanishes if and only if the 2-qubit state is
factorized.
The entanglement of formation represents the mini-
mum of the average entanglement of an ensemble of pure
states representing ρ2qb [115]. It corresponds to the min-
imal number of maximally entangled qubits per realiza-
tion2 needed to generate the entangled states described by
ρ2qb [116,117]. Remarkably, for a 2-qubit, it has a closed
expression in terms of the concurrence [115]:
E [ρ2qb] = H2
(
1 +
√
1− C[ρ2qb]2
2
)
(30a)
H2(x) = −x log2 (x)− (1− x) log2 (1− x) (30b)
These considerations describe how to obtain quantum in-
formation quantities from electron quantum optics con-
cepts. Let us now illustrate these ideas on the study of
electron/hole entanglement generated by the mesoscopic
capacitor.
5.2 Electron/hole entanglement from the meso-
scopic capacitor The mesoscopic capacitor depicted on
Fig. 6 is a quantum RC circuit [51] which can be operated
in the non-linear regime with a periodic square drive at fre-
quency f = 1/T in order to emit a single-electron excita-
tion during the half period [0, T/2] and a single hole exci-
tation during the second half period [T/2, T ] [8]. Reaching
this optimal single-electron source regime requires tuning
the QPC transparency D (see Fig. 6) so that the electron
and hole excitations have the time to form and escape dur-
ing their respective half periods.
The source is modeled as a time-dependent single-
electron scatterer which amounts to neglecting the effect
of Coulomb interactions within the dot. Under this hy-
pothesis, the single-electron coherence can be computed
using Floquet’s theory [72,118]. Note that in this case,
single-electron coherence determines all the electronic co-
herences emitted by the source since Wick’s theorem is
valid. Here we use a Floquet description of [98] to obtain
the single-electron coherence generated by the mesoscopic
2 As often in quantum information, we are looking for the num-
ber of maximally entangled pairs needed to generate n copies of
the states contained in ρ. For large n, this scales as n and we
divide by n to obtain the entanglement of formation.
D
Vd(t)
1−D
Figure 6 The mesoscopic capacitor consists of a quan-
tum dot with level spacing ∆ connected by a QPC (in light
blue) to an edge channel (here the outer one in a ν = 2 sys-
tem). D denotes the transmission probability of the dot so
that D = 1 corresponds to the case where the dot is totally
open and D = 0 to the case where the dot is disconnected
from the edge channel. Electrons within the dot experience
the time-dependent drive potential Vd(t) imposed by a top
gate (in light pink). For a square ac voltage at frequency f
with zero average and amplitude ∆/e, there exist an opti-
mal value Dopt function of ∆/hf for single-electron and
hole emission.
capacitor. A program written in C computes the single-
electron coherence in the frequency domain. An Haskell
code then computes 2-qubit matrices and quantum infor-
mation theoretical quantities from these data.
We have considered the mesoscopic capacitor with the
following experimentally relevant parameters: ∆/hf =
20. The drive voltage Vd(t) is a square voltage. The op-
timal operation point with these parameters is found to be
at Dopt ' 0.35.
Figure 7 presents the electronic Wigner distribution de-
fined by Eq. (4) for D = 0.9, D ' Dopt and D =
0.1. These plots clearly show that when the dot is fully
open, energy resolution is lost, whereas at D ' Dopt, we
clearly see the single-electron and single-hole excitations
emitted during each half period. Decreasing D leads to
two phenomena: first of all, the length of the electronic
wavepacket increases and we see horizontal interference
fringes between two-electronic emissions which suggests
delocalization of the electronic excitation beyond the time
interval [0, T ] (same for the hole). We also see interfer-
ence fringes between the electronic and hole contributions
which correspond to an increase of the weight of ∆G(e)S in
the electron/hole coherence quadrant in the frequency do-
main [101]. It was suggested in [98] that, in this regime,
during each period, the source emits a state of the form
|Ψe/h(u, v)〉 = (u + v ψ[ϕh]ψ†[ϕe])|F 〉 where ϕe and ϕh
respectively denote the electronic and hole excitations and
(u, v) complex amplitudes such that |u|2 + |v|2 = 1. At
the optimal point (u, v) ' (0, 1) whereas (u, v) ' (1, 0)
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when D → 0+ since the source is shut down in this limit.
Consequently, we have |u|2 ' |v|2 ' 1/2 for some inter-
mediate value. In the latter case, this state contains a quan-
tum superposition between the presence and the absence
of an elementary electron/hole pair excitation in the edge
channel.
Elaborating on section 5.1, we will now test this idea
by quantifying the amount of entanglement for an effec-
tive 2-qubit built from an electronic and a hole excita-
tion. For this purpose, we define a 4 × 4 matrix ρe/h built
from states |xh xe〉 associated with the occupation num-
ber xh ∈ {0, 1} for a hole excitation based on the single-
particle wavefunction ϕh and the electronic occupation
number xe ∈ {0, 1} associated with the single-particle
state ϕe. All matrix elements that couple different charge
sectors vanish. The remaining matrix elements are the di-
agonal ones:
〈00|ρe/h|00〉 = 〈ψ†[ϕh]ψ[ϕh]ψ[ϕe]ψ†[ϕe]〉ρ (31a)
〈01|ρe/h|01〉 = 〈ψ†[ϕh]ψ[ϕh]ψ†[ϕe]ψ[ϕe]〉ρ (31b)
〈10|ρe/h|10〉 = 〈ψ[ϕh]ψ†[ϕh]ψ[ϕe]ψ†[ϕe]〉ρ (31c)
〈11|ρe/h|11〉 = 〈ψ[ϕh]ψ†[ϕh]ψ†[ϕe]ψ[ϕe]〉ρ (31d)
and the off-diagonal elements coupling the state |00〉 to the
state |11〉:
〈11|ρe/h|00〉 = 〈ψ†[ϕh]ψ[ϕe]〉S . (32)
The diagonal matrix elements (31) are all related to
the two-electron coherence n¯[ϕe, ϕh] whereas the off-
diagonal ones are directly the single-electron coherence
in the electron/hole coherence quadrant G(e)S [ϕe|ϕh] =
Tr(ψ[ϕe] ρψ
†[ϕh]).
When Wick’s theorem is valid, which is the case in
our Floquet modelization of the mesoscopic capacitor, we
have:
〈00|ρe/h|00〉 = (1− n¯e)n¯h + |ξ|2 (33a)
〈01|ρe/h|01〉 = n¯en¯h − |ξ|2 (33b)
〈10|ρe/h|10〉 = (1− n¯e)(1− n¯h)− |ξ|2 (33c)
〈11|ρe/h|11〉 = n¯e(1− n¯h) + |ξ|2 (33d)
where ξ = 〈11|ρe/h|00〉 = G(e)S [ϕe|ϕh] is the electron/hole
coherence between the electronic and hole wavefunctions
and n¯e/h = n¯[ϕe/h] are their occupation numbers. The
Cauchy-Schwarz inequality tells us that∣∣∣G(e)S [ϕe|ϕh]∣∣∣2 ≤ n¯e n¯h . (34)
When the bound is saturated, the matrix ρe/h gets a zero
on the diagonal and, in this case, the concurrence can be
evaluated analytically:
C[ρe/h] = 2
√
n¯e n¯h . (35)
It is non zero when we are away from the single-electron
source regime (n¯e = 1 and n¯h = 0). In particular for the
state |Ψe/h(u, v)〉which can be shown to satisfy Wick’s the-
orem, considering |u|2 = |v|2 = 1/2 gives n¯e = n¯h =
1/2 and thus C = 1. Then, E [ρe/h] = 1, as expected
since, in this case, we are producing a pure state with elec-
tron/hole entanglement.
However, for arbitratry electronic and hole wavepack-
ets ϕe/h, the reduced density operator ρe/h may not be so
ideal. We shall now discuss which wavepackets are the best
candidates for obtaining non-zero concurrence.
5.3 Numerical results As we shall see now, the
choice of ϕe/h has a strong influence on the result. At
fixed n¯e and n¯h, the concurrence is maximal for ξ saturat-
ing the Cauchy-Schwarz bound (34) but its value can be
very small when n¯e ' 0 and n¯h ' 1. We thus have to find
wavepackets which (i) bring n¯e and n¯h as close as possible
to 1/2 and (ii) maximize |G(e)S [ϕe|ϕh]|.
A first guess for ϕe is a truncated Lorentzian in energy,
centered at ~ωe = ∆/2 and whose width fits the expo-
nential decay of the average current. Note that its natural
width γe depends on D. This wavepacket is expected to
lead to n¯e ' 1 when D = Dopt. In this case, the natural
width of the wavepacket should be less than a half period.
However, when D → 0, it may be relevant to consider
electronic wavepackets delocalized over more than one pe-
riod. Our ansatz is to consider the product of the trun-
cated Lorentzian in energy with a characteristic function
in time that selects n half-periods during which the elec-
tron is emitted (t ∈ [lT, (l+ 1/2)T ] for l = 0, . . . , n− 1).
Truncation in the time domain implies that our ansatz are
not anymore a purely electronic state. In order to ensure
this, we set to zero all values at negative frequencies. This
implies that the wavepackets we consider are not strictly
zero in time outside of [lT, (l + 1/2)T ]. However, when
D ≤ Dopt the excitations are emitted at well separated
energies ~ωe/h = ±∆/2 with respect to their natural
width ~γe, so contributions outside these half periods are
very small (and indeed smaller as D decreases). When
D ≥ Dopt, the natural width of the excitation decreases,
ensuring it is less than a half period. After normalization,
this defines wavefunctions ϕen and in the same way wave-
functions ϕhn .
We present on Fig. 8 the quantities n¯e/h, the modu-
lus of the electron/hole coherence |ξ|, the Cauchy-Schwarz
bound and the von Neumann entropy of the 2-qubit matrix
ρe/h using specific couples of electronic and hole wavefunc-
tions. We consider ϕen and ϕhn for n = 1, id est trun-
cated to one half period and thus denoted by “Truncated”
on Figs. 8 and 9 and also n =∞ which corresponds to the
“Delocalized” wavefunctions over many half periods.
The von Neumann entropy of the 2-qubit density ma-
trices obtained from these two wavepacket families shows
roughly the same behavior forD & 0.1. First of all, it never
vanishes for D 6= 0 thus showing that ρe/h does not repre-
sent a rank one projector. The von Neumann entropy goes
Copyright line will be provided by the publisher
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Figure 7 The electronic Wigner functionW (e)(t, ω) for the mesoscopic capacitor operated at the electron/hole symmetric
point and driven by a square potential of amplitude ∆/e at frequency f such that ∆/hf = 20. Plots are presented for
D = 0.1, D = Dopt ' 0.35 and D = 0.9.
Truncated Delocalized Martin-Landauer
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
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Figure 8 The average occupation n¯e (blue line), the modulus of the coherence |G(e)S [ϕe|ϕh]| (orange line), the Cauchy-
Schwarz bound
√
n¯en¯h (dashed orange line) and the von Neumann entropy SVN of ρe/h (red line) as functions of D for the
three families of wavepackets “Truncated”, “Delocalized” and “Martin Landauer”. The mesoscopic capacitor is operated
with the parameters used for Fig. 7.
through a minimum close to Dopt and then re-increases.
This comes from the fact that these wavepackets are indeed
well suited to describe the excitations emitted by the meso-
scopic capacitor around the optimal regime as attested by
the fact that n¯e ' 1 for this regime.
In the vanishing D limit, n¯e ≈ 0.50 for the delocalized
wavepacket whereas n¯e → 0 for the truncated ones. This
reflects the delocalization over more than one half period of
the electronic excitations whenD → 0. For the delocalized
wavepackets, the Cauchy-Schwarz bound is not saturated
whenD → 0. The effective 2-qubit density matrix ρe/h thus
becomes diagonal. Due to the non-vanishing limit of n¯e
whenD → 0, the von Neumann entropy remains close to 2
(which would be obtained for ξ = 0 and n¯e = n¯h = 1/2).
By contrast, for the truncated wavepackets, n¯e goes to 0
and n¯h → 1 when D → 0. The Cauchy-Schwarz bound is
also not saturated. In this case, ρe/h collapses onto a matrix
with only one non-zero element on its diagonal: the von
Neumann entropy decreases when D → 0 for truncated
wavepackets.
The concurrence as a function of D is depicted on
Fig. 9. We see that for delocalized wavepackets, ρe/h ex-
hibits a non-zero concurrence on a finite interval of D
that stops before D gets close to zero and starts a little
before Dopt. The lower limit of the interval where elec-
tron/hole entanglement can be observed with the delocal-
ized wavepackets comes from decay of electron/hole co-
herences as D → 0. Although these wavepackets tend to
be quite good in terms of their overlaps with G(e)S , the co-
herence is too small to get a non-zero entanglement. For
the truncated wavepacket, the concurrence is higher than
for delocalized wavepackets as D → 0 as expected since
it is only for small D that these two wavepackets become
significantly different.
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Figure 9 The concurrence C[ρe/h] as function of D for the
three families of wavepackets “Truncated”, “Delocalized”
and “Martin Landauer”. The mesoscopic capacitor is oper-
ated with the parameters used for Fig. 7.
Although this numerical investigation shows that the
mesoscopic capacitor generates some electron/hole pair
entanglement in the low D limit, it also shows the im-
portance of using the proper single-particle states to study
quantum information theoretical quantities and also to
probe the many-body nature of the electronic fluid. We
will now sketch a general strategy inspired by signal pro-
cessing for analyzing electronic coherences generated by a
time-periodic source.
5.4 Electronic atoms of signal The above discus-
sion was based on the use of empirical electron and hole
wavefunctions without thinking of any detection scheme.
However, for a T -periodic source, one could envision time-
dependent detectors ideally performing repeated detections
of a given single-particle template across various periods.
Although this is still not demonstrated experimentally, it is
important to develop a signal processing framework for the
corresponding signals.
The idea, borrowed from M. Devoret’s lectures at
Colle`ge de France [119] consists in using a family of
single-particle wavefunctions well suited to T -periodicity.
We thus consider single-particle wavepackets ϕk,l, which
we call electronic atoms of signal or, adapting M. Devoret’s
terminology, electronic wavelets such that
ϕk,l(t) = ϕk(t− lT ) (36a)
〈ϕk′,l′ |ϕk,l〉 = δk,k′δl,l′ . (36b)
Families ϕk,l obtained by translations in both the fre-
quency and time domains arising from a single wavepacket
ϕ0,0 are called Gabor bases. An important result for Gabor
bases is the Balian-Low theorem which states that there is
no orthogonal basis of this type that is well localized both
in the time and frequency domain. In the signal process-
ing community, discrete wavelets are families satisfying
(36) in which the parameter k corresponds to a scaling:
ϕk,l(t) = (vF τ0)
−1/2s−k/2ϕ((t/sn − lT )/τ0).
A famous example of electronic atoms of signal has
been introduced by Th. Martin and R. Landauer [18].
These wavepackets with energy bandwidth hf (f = 1/T )
are defined by:
ϕn,l=0(t) =
1√
vFT
sin (pift)
pift
e−iωnt (37)
where ωn = pif(2n + 1/2). They are called Shannon
wavelets in the signal processing community. Remar-
quably, when a voltage drive of period T is applied, the
single-particle state ϕn,l is scattered among the ϕn′,l with
the same time slot index l [9].
More recently, M. Moskalets has found a family of
mutually orthogonal electronic wavepackets (ϕl)l∈Z re-
spectively time-shifted by lT and such that a train of
single-electron Leviton excitations is represented as the
infinite Slater determinant of these ϕl on top of the Fermi
sea [120]. It is then tempting to conjecture that there exists
a family of electronic atoms of signal ϕn,l satisfying the
orthogonality condition (36b) such that a train of charge
n Levitons is obtained as the infinite Slater determinant
formed by the ϕk,l for l ∈ Z and k = 1, . . . , n on top of
the Fermi sea.
Electronic atoms of signal can be used to model re-
peated detection of ϕk by considering the overlap of the
single-electron coherence of a T -periodic source S with
a train of N wavepackets ϕk,l where k is fixed and l =
1, . . . , N . This overlap represents the average cumulated
signal after N successive detections of the wavepacket ϕk
shifted by multiples of T . Due to the orthogonality of the
ϕk,l for different values of l, these time-shifted wavepack-
ets are perfectly distinguishable: the corresponding num-
ber operators N [ϕk,l] and N [ϕk,l′ ] commute. Using the T
periodicity of G(e)S , this overlap scales as N with a prefac-
tor n¯[ϕk] defined by Eq. (26). The same reasoning can be
extended to two-particle detection. We then consider ϕa
and ϕb for a 6= b and we perform a repeated detection of
the electron pair. The associated wavefunctions are the nor-
malized Slater determinants ϕ(a,b;l)(t1, t2) built from ϕa,l
and ϕb,l for l = 1, . . . , N . Exactly as in the single-particle
detection, due to orthogonality of the single-particle wave-
functions for l 6= l′, the two-particle states ϕ(a,b;l) are or-
thogonal for different values of l. The cumulated average
signal for N periods is then the overlap of G(2e) with the
sum over l of ϕ(a,b;l)(t
+
1 , t
+
2 )ϕ(a,b;l)(t
−
1 , t
−
2 )
∗. Once again
this overlap scales as N with a prefactor n¯[ϕa, ϕb] equal to
v4F
∫
R4
ϕ(a,b)(t+)
∗ϕ(a,b)(t−)G(2e)S (t+|t−) d2t+ d2t− .
(38)
Throught repeated detections of the same wavefunction in
different time slots, electronic atoms of signal thus enable
us to define effective density matrices in the basis of occu-
pation number for orthogonal single-particle levels.
To illustrate this point, Figs. 8 and 9 also present the
same results as before but for Martin Landauer electronic
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atoms of signals associated with the period T/2 so that ϕe
is centered in energy at ωe and in time on the first half
period and ϕh is centered in energy at ωh and in time on
the second half period. As can be seen from the behav-
ior of n¯e, these atoms of signals are not well suited close
to Dopt. This was expected since their energy width 2hf
is less than the natural width of the emitted single-electron
excitation. However, the electron/hole coherence ξ is closer
to the Cauchy-Schwarz bound than the truncated and de-
localized wavepackets. As a result, the non-vanishing in-
terval for the concurrence is indeed concentrated at lower
values than for the truncated and delocalized wavepackets.
What we are doing here is to analyze the fermionic ana-
logue of inter-mode entanglement in quantum optics. Con-
sidering various families of single-particle state amounts to
considering various pairs of modes. Naturally, quantum in-
formation quantities measuring this entanglement depend
on the modes considered. This raises the question of the
best description of a quantum signal such as single-electron
coherence in terms of single-particle wavefunctions. What
are the guidelines for such a choice? Although we do not
have a definitive answer to this very general question, we
think there are two ways of addressing it.
First of all, the experimental setup may impose us a
choice. For example, Moskalets wavefunctions and their
conjectural generalization are the natural choice when dis-
cussing an HOM experiment with a source emitting a pe-
riodic train of Leviton excitations in one of the incom-
ming channels. Next, when starting from computational or
experimental data on single-electron coherence, the prob-
lem is to determine atoms of signals or other wavepack-
ets giving the “simplest” description of single-electron co-
herence. Although answering this question goes beyond
the scope of the present paper, methods inspired from sig-
nal processing and exploiting the T -periodicity of single-
electron coherence are certainly worth investigating.
6 Conclusion and perspectives In this paper, we
have discussed the recent developments in electron quan-
tum optics from a signal processing perspective. Although
part of the material presented here forms a review of our
recent works in electron quantum optics [1,14,24,39,40],
our discussion aims at showing new interesting perspec-
tives for future work as well as connections to other topics
such as quantum optics of current noise or the study of
quantum information quantities in electronic systems.
From that perspective, our first main message is that
single- and two-particle interferometry experiments can be
interpreted in the signal processing language as analog
operations converting “quantum signals” such as single-
and two-electron coherences into experimentally observ-
able quantities which are zero- or finite-frequency aver-
age current and current correlations. In particular, we have
reviewed how the HOM experiment encodes the overlap
of single-electron coherences within low-frequency current
noise, thus giving more substance to Landauer’s aphorism
“The noise is the signal” [121]. We have also shown that
the signal processing point of view is relevant beyond the
analysis of HOM experiments. For example, it also uni-
fies the direct probing of intrinsic two-electron coherence
within a given edge channel by means of generalized Fran-
son interferometry experiments.
Our approach thus suggests that, although the demon-
stration of a Franson interferometer in electron quantum
optics represents a strong challenge due to interaction ef-
fects within Mach-Zehnder interferometers, it might be
easier to probe two-electron coherences with a simple
Hanbury Brown and Twiss interferometer by measuring
correlations between finite-frequency currents. Although
this would require sophisticated homodyning to bring the
finite-frequency components of both outgoing currents
in the same low-frequency band, the measurement stage
would be rather immune to interaction effects. Interest-
ingly, this would also establish a bridge between elec-
tron quantum optics and the recently developped study of
quantum properties of the radiation emitted by a quantum
conductor [29].
Our second message is that signal processing concepts
and techniques are useful not only for interpreting elec-
tron quantum optics experimental results but also to gain a
deeper understanding of the electronic many-body state in
these experiments.
For this purpose, we have transposed the concept of
atoms of signal to electron quantum optics and shown that
it can be used to discuss quantum information theory quan-
tities in electron quantum optics experiments. We have il-
lustrated this idea by discussing the electron/hole entan-
glement generated by the mesoscopic capacitor. However,
our discussion is relevant to the study of entanglement in
more general setups (see for example [122] in this vol-
ume and [123,124] as well as [46,125,126,127,128,129,
130] for previous works). By relying only on the use of
electron quantum optics coherences, our framework en-
ables discussing Coulomb interaction effects in a very nat-
ural way. Second, we think that the pioneering work by
M. Moskalets on Leviton trains [120] raises the question
of the “simplest representation” of quantum signals such
as single-electron coherences emitted by various electronic
sources. We think that combining the arsenal of theoreti-
cal techniques (analytical as well as numerical) with signal
processing concepts may lead to progresses on this basic
question.
Last but not least, the rapid development of experi-
ments in electron quantum optics and microwave quantum
optics suggests that the perspectives for investigating all
these questions on the experimental side are very promis-
ing.
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